Abstract. Different kinetic models like the Avrami, Tobin and Urbanovici-Segal models have been applied for determining the isothermal crystallization kinetics of virgin poly(ethylene terephthalate) (PET) and PET/poly(methyl methacrylate) (PMMA) blends. The different compositions investigated were PET90/PMMA10, PET75/PMMA25 and PET50/PMMA50 [wt/wt%]. The experimental data was fitted using Solver, a non-linear multi-variable regression program and linearization method. The effect of composition variation of PET/PMMA on parameters like crystallization rate constant and crystallization exponent were investigated. Urbanovici-Segal and Avrami models gave the best fit to the experimental data. Tobin model does not seem to fit the experimental data for the systems under investigation. Experimental results indicated that the crystallization rate constant values increased with decreasing temperatures.
Introduction
The commercial significance of semi-crystalline PET and amorphous PMMA is well known and confirmed by a large number of producers throughout the world. PMMA is a rigid commodity thermoplastic, while PET is a ductile engineering polymer. The melt rheological properties of PET and impact strength of PMMA can be improved by blending PET and PMMA. Semi-crystalline polymers like PET exhibit both crystalline and amorphous phases. Blending of an amorphous polymer like PMMA with PET can affect its physical and thermal properties. The balance between the crystalline and amorphous components of both polymers in the new blend is a function of the composition and chemistry of both the polymers as well as the processing conditions like cooling rates and thermal histories, used to generate the end product. Regarding the chemistry of the polymers used to form the blend various factors like, polymer chain structure, and average molecular weight can affect the rate of crystallization of the polymer, when cooled from the melt. PET has an ester repeat unit in the backbone while PMMA has the ester repeat unit in the side chain. Therefore, there is no affinity between PET and PMMA because of incompatibility; hence, an exploration of the crystalline state of PET in presence of PMMA is worth studying. Bishara et al. [1] has reported the nonisothermal crystallization kinetics of PET/PMMA blends. In this study the crystallization enthalpy (ΔH) values were found to be dependent on the cooling rate and composition of the blend. Thermogravimetric analysis of PET/PMMA blends were carried out by Al-Mulla et al. [2] . TGA analysis revealed that the blends were heterogeneous in nature. Morphological studies of PET/PMMA blends were also reported in the same work. The blends were found to exhibit a heterogeneous morphology. PMMA was found to form spherical particles and were seen dispersed in the PET matrix. Dewangan et al. [3] developed compatibilized PET/PMMA blends using amphiphilic block copolymers of poly(tertbutyl acrylate) and PMMA. The mechanical and rheological properties of the compatibilized blends have been reported. The physical and mechanical properties of PET/PMMA blends depend on the blend composition, the physical and chemical interaction between the polymers, morphology of the blends, crystallization rate and extent of crystallization. The mechanical properties of the final product of the blend depend on the crystal structure, morphology and melt history. The time required for the crystallization depends on the nucleation, cooling rate and temperature of melt processing. In order to control the rate of crystallization and the degree of crystallinity and to obtain the desired morphology and properties, efforts have been made to study the crystallization kinetics and determine change in material properties of various polymers [4] [5] [6] [7] [8] [9] . Differential scanning calorimeter has been useful in studying the polymer crystallization kinetics [10] [11] . A review by Gerard et al. [12] deals with the DSC method of analyzing the ability of PET to crystallize. An important conclusion obtained from this work is that the phase changes taking place in PET depend mainly on the thermal history of the sample. This fact has also been supported by Wasiak et al. [13] . This paper claims that temperature has an effect on the amount of crystals formed. Although a knowledge of the crystallization kinetics of polymeric materials is important from the aspects of both fundamental and practical applications, only few studies have been carried out on the crystallization behaviour and rheological characterization of PET/PMMA blends. For studying the isothermal crystallinity a number of mathematical models [14] [15] [16] [17] [18] have been proposed. Unlike Avrami model, use of the Tobin [18] and model to analyze the isothermal crystallization data of semi-crystallineamorphous polymers is rarely reported in the literature. Literature reports no previous work on the isothermal crystallization kinetic analysis of different compositions of PET/PMMA blends. Therefore, in the present work, all three macro kinetic models are used to analyze the isothermal crystallization data of three different compositions of PET/PMMA blends. The experimental data are fitted to each respective model using a nonlinear and a linear program to obtain the isothermal crystallization parameters. The goodness of the fit (measured using correlation coefficient, r 2 ) suggests the applicability of the model in describing the isothermal crystallization data of PET/PMMA blends.
Experimental

Materials
PET bottle grade was supplied in pellet form by Century Enka Pvt. Ltd. Pune, India. The intrinsic viscosity of the resin was 0.60 measured at 25°C in a 60/40 (V/V) phenol/tetrachloroethane mixture using a Cannon-Ubbelohde viscometer. Virgin PMMA injection molded in sheet form at an injection pressure of 1.03·10 8 Pa, cylinder temperature, 177 to 210°C and mould temperature of 80°C was used.
Sample Preparation
PET and PMMA were dried for five hours at 100°C to ensure low moisture levels. PET/PMMA blends were prepared by the melt mixing method in a 500 ml step polymerization reactor. Three different compositions of dried PET and PMMA (PET/ PMMA, 50/50, 75/25 and 90/10, weight/weight percent) were made by weighing the accurate quantities. The mixture was melt mixed in the reactor, in a nitrogen atmosphere of 20 ml/min for one hour at 275°C. The stirrer speed was 100 r.p.m. The blended product was removed from the reactor and ground with a Moulinex super blender grater 3 at 400 r.p.m.
Isothermal crystallization studies
A Mettler-Toledo TA 4000 differential scanning calorimeter (DSC) was used to record the isothermal melt-crystallization exotherms as well as the subsequent melting endotherms for PET, PMMA and their blends. Each sample was used only once and all the runs were carried out in nitrogen atmosphere (20 ml/minute). Calibration of the temperature scale was done with pure indium standard (T m 0 = 156.6°C and ΔΗ f 0 = 28. 
Theory
Estimation of isothermal crystallization parameters is normally carried out using the data obtained from crystallization exotherms with a basic assumption that the amount of crystallinity obtained is linearly proportional to the heat released during crystallization. By integrating the heat evolved during crystallization, a relation between relative crystallinity and time can be obtained (Equation (1)).
( 1) were t is the elapsed time and dH c is the released heat during crystallization for small time interval dt and ΔH c is the total enthalpy of crystallization for a specific crystallization temperature. ΔH c can be given as Equation (2):
The Avrami equation [14] given below (3) is mostly used to determine the time dependent relative crystallinity θ(t).
In Equation (3), k a is the Avrami rate constant and n a the Avrami exponent. k a and n a are temperature dependent parameters and are specific to a given crystalline morphology and type of nucleation [14] . The Tobin equation [16] is proposed on the basis of kinetic phase transformation and is given as Equation (4): (4) k t and n t are the Tobin rate constant and Tobin exponent respectively. The Tobin exponent, n t , is governed by different types of nucleation and growth mechanisms [16] . Urbanovici and Segal [19] developed a new kinetic equation, which is a modification of the Avrami model. The relationship between the time-dependent relative crystallinity function θ(t) and the crystallization time given by Urbanovici-Segal model is as shown in Equation (5): (5) In this equation, k us and n us are the UrbanoviciSegal crystallization rate constant and exponent, respectively. k us has the unit of (time) -1 . r is an optimization parameter which determines the extent of deviation for the Urbanovici-Segal equation from the Avrami equation. When r approaches 1, the Urbanovici-Segal equation becomes similar to the Avrami equation [20] . Kinetic analysis of virgin PET, and PET/PMMA blends were carried out using Equations (3), (4) and (5). The objective was to obtain the isothermal crystallization rate constant and the crystallization exponent respectively. Two different analysis methods were used. One of the procedures used Solver, a nonlinear optimization function found in Excel. In the other approach Equations (3) and (4) were linearized and applied to the experimental data to obtain the isothermal kinetic parameters. The goodness of the methods were confirmed using correlation coefficient (r 2 ). The greater the convergence of r 2 towards 1 the better is the quality of the fit.
The linearized logarithmic form of Equations (3) and (4) is represented as Equations (6) and (7): 
Plotting the first term in Equation (6) versus logt one can obtain k and n from the slope and intercept respectively. Similarly on plotting the first term in Equation (7) as a function of lnt the kinetic constants k and n can be determined.
Isothermal crystallization kinetics of virgin PET and PET/PMMA blends
Typical isothermal melt crystallization exotherms for PET90/PMMA10 [wt/wt%] after isothermal crystallization at crystallization temperatures ranging from 207 to 221°C are shown in Figure 1 . Other blends also showed similar crystallization behaviours. After thermal stabilization, the heat flow signal, on crystallization exhibited an exotherm, a result of the thermal energy released due to crystallization. The onset and endset of crystallization is determined by drawing a tangent to the respective baselines. Table 1 summarizes the values of crystallization half-time (t 0.5 ) using the Equation (8). (8) The t 0.5 values shown in Table 1 are found to decrease with decreasing crystallization temperature, T c . Figure 4 indicates a plot of t 0.5 versus crystallization temperature, T c . The t 0.5 values are found to decrease as the PET composition decreases in the blends. PET virgin has the maximum t 0.5 value.
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Al-Mulla -eXPRESS Polymer Letters Vol. 1, No.6 (2007) According to Figure 4 it is obvious that for virgin PET and the polymer blends the crystallization half time increases with crystallization temperature. The analysis of half time of crystallization demonstrates that increasing concentration of PMMA in the blends lead to some kind of deceleration of the PET crystallization. This behaviour could be possibly caused by the decreasing segmental mobility of the PET chains in the presence of increasing amounts of PMMA.
Application of the Solver method to determine the isothermal crystallization parameters for PET/PMMA blends using the Avrami and Tobin models
The Avrami Equation (3) was applied to the experimental data of virgin PET and PET/PMMA blends. Solver, a non-linear optimization method was used to obtain the isothermal crystallization parameters, k a and n a shown in Table 1 . Figure 5 while at 221°C the fitting is found to deviate slightly at the beginning and later stages of the conversion. The average value of the Avrami exponent for virgin PET and PET/PMMA blends is found to range from 3.09 to 3.80. n a is found to be temperature dependent and is found to increase with increasing, T c . The isothermal rate constant values in Table 1 exhibits sensitivity to change with crystallization temperature. It increases with decreasing crystallization temperature. This could plausibly be due to the fact that the concentration of the crystallizable material (PET) decreases in the blend. The k a values for PET50/PMMA50 are the highest compared to the other blends. This trend for PET50/PMMA50 could not be explained. A qualitative observation of Table 1 reveals that the k a values vary from 0.04 to 22.77 min -1 . The Tobin model (Equation (4)) was applied to the experimental data to obtain the Tobin's isothermal kinetic parameters, k t and n t . Figure 6 is a typical figure indicating the application of Tobin model using the Solver method. Figure 8 is a typical plot showing the application of Equation (7) to virgin PET. The correlation coefficient values and the kinetic constants obtained on fitting Equation (7) to the experimental data is given in 
Isothermal crystallization kinetics of virgin PET and PET/PMMA blends based on the Urbanovici-Segal analysis
The analysis based on Urbanovici-Segal model is done by fitting Equation (5) to the θ(t) obtained for each crystallization temperature. The UrbanoviciSegal kinetic parameters (i. e., n us , k us and r us ) and the r 2 values are summarized in Table 3 . The r 2 values for the fit are found to be approximately 1.00. found to vary from 2.76 to 3.52. This may correspond to spherulitic growth [20] . The Urbanovici-Segal rate constant, k us increases with decreasing crystallization temperature. This trend is similar to that indicated by Avrami and Tobin models. r in Urbanovici-Segal model is the parameter which fine tunes the fit of the model to the experimental data. This could be the reason why the Urbanovici-Segal model provides a better fit to the data. k a values (Table 1) are generally found to be higher than k us values (Table 3) especially for PET/PMMA blends.
The n a and n us values obtained using the Avrami and Urbanovici-Segal model are in general found to be comparable. Based on the r 2 values and the physical observation of the plots Urbanovici-Segal model is found to be a good model for describing the isothermal crystallization kinetics of virgin PET and PET/PMMA blends. The equation used to calculate the t 0.5 values for the Urbanovici-Segal model is given in Equation (9): (9) where k us and r have the same significance as indicated in Equation (5). The t 0.5 values have a similar trend to that of Avrami model. The values obtained using Equation (9) are given in Table 3 .
Overall comparison between Avrami, Tobin and Urbanovici-Segal using the Solver and linearization method
The efficacy of each kinetic equation in describing the experimental data is represented by the r 2 value. The closer the r 2 value to 1 the better is the quality of the fit. Physical observation of the plots and the r 2 values indicate that Urbanovici-Segal and Avrami method using Solver is a good multivariable regression program to fit the experimental data to the aforementioned models. Figure 6 and the r 2 values in Table 2 clearly show the deviation of the Tobin model from the experimental data. The Tobin model appears to mismatch the data for the complete experimental range. A typical example for the comparison between the three models is shown in Figure 10 . PET/PMMA systems using both the Solver and linearization methods. Identical crystallization rate constant values are obtained using Avrami model when the Solver and linearization methods were applied to the data obtained for the blends and virgin PET. To further substantiate the observation the rate constant and exponent values obtained using Tobin model were plugged into the respective equations and replotted against the relative crystallinity data of PET90/ PMMA10. A typical plot depicting the compliance of the two different methods is indicated in Figure 11 . As seen from the figure the Solver method seems to be more adaptable to determine the crystallization kinetic parameters of the system under investigation. Figure 12 is a plot showing the compliance of Urbanovici-Segal model to a typical blend, (PET50/PMMA50), using the Solver method. The figure clearly indicates that the error between the experimental data and Urbanovici-Segal model is less compared to the Avrami model.
Temperature-dependence of the kinetic parameters
The Avrami parameter n a depends on the crystallization temperature and the shape of the crystals being grown. The Avrami parameter, n a , of virgin PET and PET/PMMA blends show fractional values (Tables 1 and 3 ). Such types of values are theoretically accounted in the general statistical Avrami theory of crystallization [21] . The Avrami theory supposes a partial overlapping of primary nucleation and crystal growth. In the case of diffusion controlled growth or other constraints on crystallization, fractional values could be found [21] . As seen in Tables 1 and 3 Figure 11 . Comparison of the experimental data with Tobin model for PET 90/PMMA10 at 221°C using kinetic constants generated through Solver and linear fitting method Figure 12 . Comparison of the experimental data with Avrami and Urbanovici-Segal models for PET 50/PMMA50 at 207°C using kinetic constants generated through Solver Figure 13 . Crystallization exponent (n) obtained for different models as a function of crystallization temperature for virgin PET mechanism in the present work [22] . Variation of n a , n t and n us as a function of crystallization temperature is shown in Figure 13 . Tables 1 and 3 [25] . Mansour et al. [26] reported the value of n close to 4. An et al. [27] observed the value of n to be 4 for PHB and n equal to 3 for PHB/polyvinyl alcohol blends. When the temperature is low crystallization rate is controlled by diffusion of molecules at the crystal growth front (diffusion control); where as at temperatures closer to the melt temperature, as used in this study the rate limiting step of the crystallization process is the nucleation rate (nucleation control). Figure 14 , illustrates the temperature-dependence of all the crystallization rate parameters (i. e., k a , k t and k us ). It is seen that the crystallization rate parameters exhibit temperature-dependence. It is worth noting that all the rate parameters have dimensions of min -1 and follow a defined pattern with increasing crystallization temperature.
Conclusions
The isothermal crystallization kinetics of virgin PET and PET/PMMA blends has been examined using DSC at crystallization temperatures ranging between 207 to 221°C. Avrami, Tobin and Urbanovici-Segal models were used to determine the isothermal crystallization parameters for virgin PET and PET/PMMA blends using the Solver and linearization method. r 2 value was used to determine the goodness of the model. The crystallization exotherms followed the Avrami and the Urbanovici-Segal model with exponents ranging between 3.09 to 3.80. The crystallization rate constants for the Avrami and Urbanovici-Segal model ranged between 0.04 to 22.77 and 0.41 to 2.53 min -1 . The crystallization rate parameters (k a and k us ) determined on the basis of different macrokinetic models exhibit temperature dependence.
Within the crystallization temperature range studied (i. e., 207 to 221°C) the values of the rate parameters were all found to increase with decreasing temperature for the PET/PMMA blends and virgin PET.
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